Lactobacilli are gram-positive, fermentative bacteria which can rapidly lower pH (7) , and many species are halotolerant (20) . They are important in the preservation of foods such as cheese, sausage, and pickled vegetables; the value of these fermentations exceeds $100 billion per year (2) . Lactobacilli are also able to colonize the digestive tract, and they may play a therapeutic role in human and animal health (5) . The study of lactobacillus genetics was once stymied by the lack of natural gene exchange mechanisms, but their economic importance has created an interest in genetic manipulation (2) .
Lactobacilli have nutritional requirements for amino acids, vitamins, fatty acids, and nucleic acids (20) , but there have been few studies of solute transport. Homofermentative species (e.g., Lactobacillus casei) have a phosphotransferase system for glucose, but heterofermentative organisms appear to use proton-motive-force (Ap)-driven mechanisms of glucose uptake (18) . Many lactobacilli require folate, and the uptake involves ATP or some other phosphate-bond intermediate (6) .
Lactobacilli cannot utilize ammonia as a nitrogen source (20) , and from 7 to 15 amino acids are essential for growth (9) . L. casei requires 10 amino acids, but our results indicated that only 4 of them, glutamate, aspartate, leucine, and phenylalanine, are taken up rapidly. Glutamine and asparagine, nonessential amino acids, were taken up more quickly than other amino acids. Studies with membrane vesicles indicated that some amino acids are transported by Ap systems, while others are apparently taken up by mechanisms which do not require a Ap. Membrane vesicles of lactobacilli had not been previously used to study solute transport.
* Corresponding author. Membrane vesicles. The method of vesicle preparation was described previously (19) . As estimated from the decrease in optical density, the formation of osmotically sensitive protoplasts was approximately 50%. Membrane vesicles were resuspended in 50 mM potassium phosphate (pH 7.0) containing 10 mM MgSO4 (final protein concentration, 13 mg/ml) and frozen in liquid nitrogen until use. Membrane vesicles were loaded with 20 mM potassium phosphate and 80 mM potassium acetate (pH 6.0) by valinomycin treatment (2 p.M, 60 min, 0°C), diluted into 100 mM sodium phosphate (pH 6.0) to create an artificial AiJ and pH gradient, and assayed for transport activity as described above. Transport assays contained approximately 50 ,ug of protein.
Protein. Protein from NaOH-hydrolyzed cells (0.2 N, 100°C, 15 min) was measured by the method of Lowry et al. (8) by using bovine serum albumin as a standard.
Proton motive force. Intracellular pH was measured by an acid distribution method that is based on the assumption that undissociated forms of weak acids can diffuse freely through the cell membrane in response to a pH gradient (16) . Cells (105 ,ug of protein per 600 p,l) were incubated in the presence of [7-14C] 
3H20 (50 ,uCi). After 10 min of incubation at 28°C, the cells were centrifuged through silicon oil (0.4 ml, 2:1 mixture of AR200 and AR20) in a microcentrifuge (13,000 x g, 10 min, 1.5-ml tube) and supernatant samples (50 ,ul) were removed for scintillation counting. The tubes were then frozen, and the bottoms containing the pellets were removed with a pair of dog nail clippers. Pellets and supernatants were then dissolved in scintillation fluid compatible with aqueous samples. Intracellular volume was calculated as the difference in specific activity between 3H20 and [U-14C]taurine. were observed for isoleucine and valine, and no uptake of arginine, cysteine, lysine, serine, tryptophan, or tyrosine could be detected. Within 35 min the glucose was depleted, and after another 5 min more than 90% of the transport activity was lost (data not shown).
Competition and pH. Leucine uptake was completely inhibited by a 100-fold excess of unlabeled valine or isoleucine, and a similar excess of aspartate completely inhibited glutamate uptake. Glutamine uptake was not inhibited by a 100-fold excess of unlabeled glutamate, aspartate, or asparagine, and glutamate transport was not inhibited significantly by unlabeled asparagine. Glutamine, glutamate, and asparagine uptake was greatest at pH 6.0, and there was only a modest decrease in transport activities when the pH was varied from 4.0 to 7.5 ( Fig. 1) . Leucine transport was most rapid at pH 5.5, but neutral pH values were inhibitory. The phenylalanine transport optimum was 6.0.
Driving force for uptake. Leucine and phenylalanine uptake was almost completely eliminated when glucoseenergized cells were treated with dicyclohexylcarbodiimide (DCCD), carbonyl-cyanide m-chlorophenyl-hydrazone (CCCP), valinomycin, or nigericin plus valinomycin (Table 2 ). These decreases were correlated with declines in Ap (Table 3 ). In de-energized cells (Fig. 2a) and membrane vesicles (Fig. 2b) , artificial membrane potentials were needed for leucine and phenylalanine transport. When the magnitude of K diffusion potential (Atf) was decreased from -120 to -60 mV, there was a dramatic decline in the rate of leucine transport (Fig. 3) .
DCCD, valinomycin, and uncouplers also decreased the transport of glutamine, asparagine, and glutamate at pH 6.0, but little or no decrease was observed when the extracellular pH was increased to 7.5 (Table 2) even though Ap was greatly decreased (Table 3) . Arsenate (1 mM), an inhibitor of ATP formation, inhibited glutamine, asparagine, and glutamate uptake more than 60% (data not shown).
Intracellular pH. DCCD, CCCP, and the ionophores decreased intracellular pH when the extracellular pH was 6.0 (Table 3) , and this decrease was correlated with a reduction in glutamine, asparagine, and glutamate transport ( Table 2) . At pH 7.5, the inhibitors did not cause a decrease in either intracellular pH or transport activity. Since there was no pH gradient in the presence of nigericin plus valinomycin, it was possible to examine the effect of the intracellular pH on the glutamine carrier. When extracellular pH was decreased to 6.25, the velocity of glutamine transport was reduced by 50% (Fig. 4a) . A Hill plot of the data (Fig. 4b) (13) . The high-affinity glutamate transport system of Streptococcus faecalis is also unable to transport glutamine, and it is not seriously affected by pH (21) . A distinct carrier for asparagine is also found in S. lactis (W. N. Konings, B. Poolman, and A. J. M. Driessen, Crit. Rev. Microbiol., in press).
While L. casei appears to have a common carrier for branched-chain amino acids, leucine was taken up more rapidly than valine or isoleucine. Since leucine and phenylalanine transport in membrane vesicles was driven by a K and acetate diffusion potential (Fig. 2) , it is likely that these amino acids were taken up by a Ap-driven mechanism. Similar results were obtained with S. cremoris (4) .
Nonenergized cells were unable to transport leucine and phenylalanine at a significant rate (pH 6.0), even though the Ap was 80 mV (Table 3) , and there was a logarithmic relationship between transport rate and the magnitude of an imposed artificial potential (Fig. 3) . A similar relationship between the initial rate of leucine uptake and Ap was also noted in S. cremoris membrane vesicles (3), but the threshold was not as low as the one observed for L. casei. DCCD, CCCP, and valinomycin did not completely abolish the Ap of glucose-energized cells, but the Ap was similar to the one in nonenergized cells (Table 3 ). Since cells which were treated with either 2-deoxyglucose or nigericin plus valinomycin had virtually no Ap at either pH, the Ap of nonenergized cells was not solely due to a Donnan potential.
An artificial Ap was unable to drive the transport of glutamine, glutamate, or asparagine in de-energized cells or membrane vesicles, and transport by glucose-energized cells was inhibited by arsenate (data not shown). These results suggested that phosphate-bond energy was needed for uptake. However, arsenate also decreased the transport of leucine and phenylalanine, amino acids which were taken up by Ap-driven mechanisms. Because ATP and Ap are interrelated, effects of inhibitors can be ambiguous. Mechanistic studies of phosphate-bond-driven transport have been confounded by the inability of membrane vesicles to generate ATP (1) .
Because D)CCD (an ATPase inhibitor), valinomycin, and uncouplers such as CCCP and nigericin plus valinomycin can cause a decrease in Ap, their effects have often been taken as evidence for Ap involvement in binding-proteindependent transport of gram-negative bacteria. Plate (10) noted that valinomycin decreased glutamine transport in Escherichia coli and suggested that both ATP and a membrane potential were necessary for uptak'e. DCCD and uncouplers inhibited glutamine, asparagine, and glutamate transport in L. casei but only when the external pH was less than 7.5 ( Table 2 ). Since nigericin plus valinomycin eliminated Ap even at pH 7.5 (Table 3) , it appeared that a Ap was not essential for uptake.
Recent studies have demonstrated the importance of intracellular pH as a regulator of certain transport systems (11) . In S. lactis, the initial rate of glutamate uptake increased more than sixfold when the intracellular pH was increased from 6.0 to 6.7 (12, 13) . Because valinomycin is a uniporter which does not directly facilitate proton movement, previous workers had assumed that it would not affect intracellular pH (15) . However, in L. casei valinomycin caused a decrease of intracellular pH when extracellular pH was 6,0. The effects of the inhibitors on glutamate, glutamine, and asparagine transport are consistent with the negative impact of low intracellular pH on phosphate-bonddriven transport carriers.
